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Abstract 1 
 2 
Objectives 3 
With the development and popularization of minimally invasive surgical methods and 4 
implants for fracture fixation, it is increasingly important that the available implants are 5 
pre-contoured to the specific anatomic location for which they are designed. The objective 6 
of this study was to develop a non-invasive method and criteria for quantifying the fit of a 7 
distal periarticular medial tibia plate and to test the method on a small set of tibia models. 8 
 9 
Methods 10 
The undersurface of the plate was extracted from a digital model of the plate. The surface 11 
of the plate was fitted to 21 computer tomography (CT)-based 3D models of human tibiae. 12 
Four criteria were defined which constitute an anatomical plate fit and subsequently 13 
applied for the quantitative fit assessment. The fitting of the plate undersurface to the bone 14 
was entirely conducted in a virtual environment.  15 
 16 
Results 17 
An anatomical fit of the plate was achieved for four of the models (19%). The individual 18 
categories generated fits of: 62% (n=13) for the proximal end; 43% (n=9) for the proximal 19 
angle; 57% (n=12) for the middle distance; and 57% (n=12) for a distal fit.  20 
 21 
Conclusions 22 
Although for the four individual criteria plate fits of 43–62% were achieved a 23 
global/anatomical fit only occurred for 19% of the bone models. This outcome is likely a 24 
result of bone morphology variations which exist in a random population sample combined 25 
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with the effects of a non-optimized plate shape. Recommendations for optimizing the fit of 26 
the plate are discussed.  27 
 28 
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Introduction 34 
With the development and popularization of minimally invasive surgical methods 35 
and implants for fracture fixation, it is increasingly important that available implants are 36 
pre-contoured to the specific anatomical location for which they are designed.1-2 Due to 37 
differences in the bone morphology, which are dependent on factors such as the patient’s 38 
age, gender and ethnic origin,3 it is impossible to design single implants that are 39 
universally applicable for the entire human population. To that end, there exists anecdotal 40 
clinical evidence that current trauma fixation plates do not fit well or fit poorly for some 41 
patients. For patients in the Asia-Pacific region in particular as the implants were designed 42 
with the view to fit the 50th percentile of a Caucasian/Western population.  43 
In order to optimize the fit of a plate for the anatomy of a particular population a 44 
quantifying method is required to evaluate the fit between plate and bones. Furthermore, 45 
criteria need to be defined specifying the conditions which will be employed in deciding 46 
whether a plate is fitting or not.  47 
The authors are aware of only the study by Goyal et al.4 which reports such a 48 
method in the literature. In their study, Goyal et al. have quantified the fit of medial and 49 
lateral proximal periarticular plates for 101 tibiae. In their study, the plates were physically 50 
fitted to the bones. Then a Microscribe was employed to digitize the relative positions of 51 
bone and plates for the subsequent quantitative analysis. The biggest limitation of their 52 
method is that it requires the plates to be physically fitted to the bones which restricts the 53 
application of the method to cadaver specimens.  54 
Access to cadaver specimens is limited and those available are generally from older 55 
(>60 years) donors from a few ethnic origins. Thus, if available at all, cadaver specimens 56 
are seldom representative for the whole spectrum of morphological bone differences that 57 
exists in the population of interest. Therefore, if a plate has to fit for the majority of people 58 
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in a population then it is imperative that morphological bone data is accessible that is 59 
representative of that particular population.  60 
In this study, a method is presented in which the fitting of a plate to the bone is 61 
conducted entirely in a virtual environment. The advantage of this approach is that the 62 
morphological data of bones can be acquired non-invasively by employing CT or magnetic 63 
resonance (MR) imaging. Hence, not only potentially greater but also more age and 64 
ethnicity diverse sources of image data would be accessible.  65 
The aim of this study was to develop a non-invasive method and criteria for 66 
quantifying the fit of a distal periarticular medial tibia plate and to test the method on a 67 
small set of Japanese tibia models. Japanese bone models were chosen in order to generate 68 
results which form the basis for future implant optimization in this and the Asian 69 
population in general.  70 
 71 
 72 
Materials and Methods 73 
 74 
3D morphological bone data 75 
Twenty-one 3D models of the outer bone contour of tibiae were available from the 76 
human morphology data base at the AO Development Institute, Davos, Switzerland. The 77 
3D models were reconstructed according to a standardized protocol5 from CT scans of 78 
Japanese cadaver specimens. The average age of the specimens was 73 years (range 55 - 79 
93). Tibial length ranged from 28 to 34 cm (31 cm on average). Eighteen right and three 80 
left tibia were available from seventeen male and four female donors. All bone models 81 
were considered to be normal. The 3D models were saved in the STL-file format for 82 
importing into the reverse engineering software package RapidForm2006 (Inus 83 
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Technology Inc., Seoul, Korea) with which the plate fitting and quantification was 84 
performed. 85 
 86 
3D model of plate 87 
The digital model (IGES file) of a distal periarticular medial tibia plate was 88 
imported into RapidForm2006. Then the undersurface (bone facing) of the plate was 89 
extracted from the model and converted into a polygon mesh (STL file) (Fig. 1). This was 90 
done in order to facilitate the alignment of the plate surface with the bone model as well as 91 
to enable the quantification of fit between plate and bone. 92 
 93 
Method of plate fitting 94 
In RapidForm2006 the plate surface was interactively aligned relative to the tibia 95 
model until the plate was in the correct surgical position (Fig. 2). The positioning was 96 
conducted with the aid of the software’s virtual trackball and collision detection 97 
capabilities. In addition, a software generated color coded map of the deviations between 98 
plate and bone was used to assess the global alignment (Fig. 2). The correct surgical 99 
position was defined by three criteria: 100 
 101 
1. Distal alignment  102 
In the distal to proximal direction the plate was positioned such that: the best fit of the 103 
plate surface to the malleolar shape was achieved (as judged from the anterior view); 104 
and the most distal screws (indicated by the screw trajectories) were at a safe distance 105 
away from the articular surface. In the anterior/posterior direction the plate was 106 
centered on the medial malleolus. 107 
 108 
2. Proximal alignment to the shaft 109 
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The plate was centered on the shaft in the anterior/posterior direction. 110 
 111 
3. As close as possible to the bone 112 
The plate undersurface was positioned as close as possible to the near cortex of the 113 
bone. This was verified by ensuring that there are at least three areas (2 distal and one 114 
on shaft) were the distance between plate and bone was ≤ 0.5 mm as indicated by the 115 
red arrows in Figure 2. Collision detection and the color coded distance map were also 116 
used to ensure that at no point the surface of the plate was penetrating the bone’s 117 
surface. 118 
 119 
The position of the plate was fine tuned iteratively until all three criteria were satisfied. 120 
For borderline cases, the fit of several possible plate positions was evaluated in order to 121 
rule out any false assessment which might be caused by a non-optimal plate position. Plate 122 
positioning was additionally visually verified by an experienced orthopedic surgeon. 123 
 124 
Definitions of plate fit 125 
The locked internal fixator technique achieves stable fracture fixation without the need 126 
of compressing the plate to the bone surface. 1-2 Therefore, from a biomechanical point of 127 
view a perfect fit between plate undersurface and bone is not required. However, basic 128 
mechanics of fixed angle locking plates dictate that load transfer is most optimal when the 129 
plate screw interface is closest to the near cortex. The greater the distance between plate 130 
and bone, the higher the bending moment on the screw and the less efficient the construct 131 
becomes for transfer of loads. Mechanical tests by Ahmad et al.6 have shown that a locked 132 
compression plate (LCP) construct is mechanically significantly more stable when the 133 
plate is fixed at or 2 mm away from the bone compared to a distance of 5 mm from the 134 
bone.  135 
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Clinically, an anatomically well fitting plate can greatly facilitate the process of 136 
reduction in terms of axial and rotational alignment of the main fragments. Furthermore, 137 
with a nominal soft tissue envelope such a plate may additionally protrude less and 138 
therefore minimize soft tissue impingement/irritations, especially in the area of the medial 139 
malleolus as well as the middle to proximal diaphysis. By taking these issues into 140 
consideration the following four criteria, which constitute a good plate fit, were defined.  141 
 142 
1. Proximal end 143 
A close fit between the proximal end of the plate and the bone is not required. 144 
However, the further the plate protrudes the greater the likelihood that it will cause soft 145 
tissue irritations. Therefore, a maximum distance of 4 mm between plate and bone, 146 
within 20 mm from the proximal end, is acceptable (Fig. 3). Considering that only for 147 
the most proximal screw the plate to bone distance is 4 mm and less for the subsequent 148 
distal screws it is unlikely that this will compromise the stability of the construct.  149 
 150 
2. Proximal angle 151 
The angle between plate and bone in the diaphyseal region is important as it provides a 152 
guide to the surgeon for the rotational alignment of the main fragments during 153 
reduction. In clinical studies rotational malreduction was defined as a torsional 154 
difference of greater than 10° compared to the unaffected limb.7-10 Therefore, an angle 155 
of 10° between plate and bone measured at a distance of 80 mm from the proximal end 156 
of the plate should not be exceeded (Fig. 4).  157 
 158 
3. Middle distance 159 
A fit between plate and bone for the middle third of the plate is least critical as the 160 
fracture is usually located within this area. Some space between plate and bone is even 161 
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desirable as this will not restrict callus growth and does not require a perfect reduction 162 
of small bone fragments. Therefore, a maximum distance between plate and bone of 6 163 
mm is acceptable for the middle third of the plate. Even more so as it is common 164 
surgical practice to omit two to four screws in the fracture zone. This means that only 165 
for some of the screws used in the middle third of the plate a potential plate to bone 166 
distance of up to 6 mm can exist. Thus it is not expected that a local maximum plate to 167 
bone distance of 6 mm will significantly compromise the overall stability of the 168 
fixation. 169 
 170 
4. Distal fit 171 
A good anatomical fit of the distal part of the plate is most critical as the surgeon 172 
normally uses the shape of the plate for the positioning of the plate relative to the distal 173 
bone fragment(s). The orientation of the distal fragment relative to the plate determines 174 
to a great extent the axial and rotational alignment of the reduced main fragments. A 175 
good distal fit can be achieved by a five point fit between plate and bone where the 176 
plate to bone distance is no greater than 2 mm for each of the points (Fig. 5). Three of 177 
the points are at the distal tip of the plate and the two most proximal points are at the 178 
transition of meta- to diaphysis. 179 
 180 
Measurements taken 181 
Values for the four criteria of plate fit were recorded for each bone model. In 182 
addition, the percentage of plate surface points which are ≤ 2 mm away from the bone 183 
were calculated and recorded. This was done in order to ascertain whether a single 184 
parameter would give an indication of the degree of plate fit. For each model, the 185 
maximum distance between plate and bone was also recorded. 186 
 187 
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Expected accuracy of proposed method 188 
The potential error sources of the proposed method can be divided into two groups. 189 
The first group contains all the errors associated with the generation of a virtual 3D model 190 
of a bone such as: inaccuracies of the CT image acquisition; image segmentation errors; 191 
and smoothing effects of the 3D reconstruction algorithm. The second group contains all 192 
the errors arising from the processing/manipulation of the 3D objects using the reverse 193 
engineering software RapidFrom.  194 
A pilot study by the investigators has shown that the total average error for the first 195 
group is in the order of 0.3mm which is comparable to results in the literature.11 The U.S. 196 
National Institute of Standards and Technology (NIST) has verified that the reverse 197 
engineering software RapidForm will not introduce inaccuracies into a model greater than 198 
3.2 x 10-8 microns and 1.1 x 10-7 arc seconds.12  199 
The magnitude of errors arising from the second group is in the realm of 200 
nanometers compared to fractions of a millimeter in the first group. Therefore, for the 201 
purpose of this study it appears reasonable to ignore any potential errors associated with 202 
the processing of the models in RapidForm.  203 
The MicroScribe used by Goyal et al.4 to digitize the surface of the bones and to 204 
locate the position of the plates has an accuracy of up to 0.2mm. Therefore, a potential 205 
error of this magnitude will be associated with the digitized bone and plate surfaces as well 206 
as with the position measurements of the plate. 207 
In the light of this, the presented method which was conducted in the virtual 208 
environment can be considered to be at least as accurate as the method used by Goyal et al. 209 
A formal validation of presented method was beyond the scope of this study and will be 210 
addressed by the authors in the near future.  211 
 212 
 213 
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Results 214 
 215 
Proximal end 216 
At the proximal end an anatomical fit of the plate occurred for 62% (n=13) of the 217 
bones (Table 1). The maximum distance between plate and bone was 3.9 mm (±1.3 SD) on 218 
average and ranged from 2.2 to 6.2 mm. For all of the models the maximum distance was 219 
located at the anterior side of the plate (see Fig. 2).  220 
 221 
Proximal angle 222 
A fit of the proximal angle was achieved for 43% (n=9) of the models, which is the 223 
lowest value of the four categories. On average the angle between plate and bone was 224 
12.2° (±4.8 SD) with a range of 5.2° to 20.7°. For all models the vertex of the angle was 225 
located at the posterior edge of the plate (see Fig. 2). 226 
 227 
Middle distance 228 
The criteria of fit for the middle distance was met by 57% (n=12) of the models. 229 
The average maximum distance was 6.1 mm (±0.9 SD) with a range of 4.7 to 8.4 mm. For 230 
all the models the maximum middle distance was located at the anterior edge of the plate 231 
(see Fig. 2). 232 
 233 
Distal fit 234 
At the distal end a fit occurred for 57% (n=12) of the models. For all but one (#9) 235 
of the models the two most proximal points (see Fig. 5) were below the 2 mm tolerance.  236 
 237 
Global fit 238 
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For the available set of bone models a fit between plate and bone according to the 239 
four specified conditions occurred four times (models 6, 8, 15 and 21). This equates to a fit 240 
of 19% for the relatively small population (n = 21) used in this study. For all the models 241 
the maximum plate to bone distance was located either in the middle third of the plate or at 242 
the distal end of the plate. No relationship could be established between bone length and 243 
fit/non-fit of the plate. 244 
 245 
 246 
Discussion 247 
Although for the four individual criteria plate fits of 43–62% were achieved a 248 
global/anatomical fit only occurred for 19% (n=4) of the bone models. This is likely a 249 
result of bone morphology variations which exist in a random population sample combined 250 
with the effects of a non-optimized plate shape. This result is more favorable compared to 251 
the 4% (4 out of 101) obtained by Goyal et al.4 for their quantitative fitting of proximal 252 
tibia plates (Zimmer Corp, Warsaw, Indiana). However, it has to be taken into 253 
consideration that the criteria for anatomical fit in this study were defined differently to the 254 
ones in Goyal’s study which appear to be somewhat more stringent.   255 
The maximum distances (proximal & middle) for all models were located at the 256 
anterior side of the plate and the opening of the middle angle was also located on that side. 257 
These observations together with the results in Table 1 show that the torsion of the shaft 258 
part is too high relative to the distal part of the plate for this set of bones. This confirms 259 
what was already apparent from a visual inspection of the plates fitted to the models. 260 
However, since the maximum distances between plate and bones for the shaft region are all 261 
located along the same side of the plate then it should be relatively easy to optimize the fit 262 
of the plate by reducing the torsion of the shaft part relative to the distal part of the plate. 263 
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Reducing the torsion by rotating the shaft part along the posterior edge of the plate would 264 
bring the anterior edge of the plate closer to the bone and hence reduce the current 265 
maximum values. Such a modification of the plate shape would most likely lead to more 266 
bone models being included in the fit criteria.  267 
For all but one of the models which did not achieve a distal fit were the two most 268 
proximal points (see Fig. 5) within the set tolerance with the other three points being 269 
further away. This had the effect that the distal plate surface was not parallel to the one of 270 
the malleolus but at an angle to it. Moving the distal tip of the plate closer to the bone 271 
would have caused the proximal part of the plate being lifted off the shaft and resulted in a 272 
non-fit for that region. The results in Table 1 and visual observations indicate that for this 273 
group the fit could be improved by increasing the angle (flattening the plate) between distal 274 
and shaft part of the plate which would bring the distal tip of the plate closer to the bone. 275 
However, such a modification might call for two separate plate shapes as a greater angle 276 
between distal and shaft part would lift off the middle portion of the plate from some of the 277 
currently fitting models and result in a plate that is spanning. For one model (#9) the 278 
current plate already spans the bone and in order to achieve an anatomical fit the angle 279 
between distal and shaft part of the plate would have to be reduced instead of increased. 280 
This clearly demonstrates that even for this relatively small set of bones it is very unlikely 281 
that one single plate shape exists which will fit to all bones. 282 
A project is currently being conducted by the investigators to optimize the fit of the 283 
plate for a larger population sample based on the results of this study. 284 
In the present study an anatomical plate fit was defined as one which satisfies four 285 
specific criteria. The four fitting criteria were defined to reach a compromise between a 286 
perfect anatomical fit on one hand, which would satisfy clinical requirements, and 287 
providing enough spatial freedom on the other hand, such that the plate would fit to the 288 
majority of bones in the population of interest. All four criteria were defined to be 289 
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independent of the shape of the plate’s edge contour. One of the fitting criteria in this study 290 
was based on angle measurements while the other three on distance measurements. Goyal 291 
et al.4 used four criteria as well for quantifying an anatomical fit of their proximal plates. 292 
While two of their criteria were based on angle measurements one criteria was based on 293 
the measurement of the volume of space between plate and tibia. Although volumetric 294 
measurements enable to quantify whether a plate fit is even or not as in Goyal’s study, 295 
however, a volumetric measurement on its own does not provide any information 296 
regarding the maximum or average distance between plate and bone for a particular region 297 
of interest. Furthermore, as a volumetric measurement depends on the shape and contour of 298 
the plate it will be difficult to compare results of fit of plates from different manufacturers. 299 
The use of a single parameter which would give an indication of the overall plate fit 300 
and which could be automatically calculated is very appealing as such an assessment could 301 
be performed very quickly. The authors have investigated the feasibility of using the value 302 
of the percentage of plate surface points which are within a specified distance to the bone. 303 
This value was chosen as it is reasonable to assume that a high percentage value would 304 
suggest a good fit since in that case a large part of the plate will be in close proximity to 305 
the bone, whereas a low value would suggest otherwise. Furthermore, this value is easily 306 
generated with the reverse engineering software for any set tolerance. However, the results 307 
of the percentage of plate surface points which are within a distance of ≤ 2mm to the bone 308 
show that three bones (#1, #5 & #19) with percentage values of >50% could not be 309 
included in the fit whereas two models (#15 & #21) which generated percentages of <50% 310 
were included. This suggests that it is unlikely that a single value/parameter will be 311 
indicative of plate fit nor sufficient to quantify the fit of a plate.  312 
The four criteria defined in this study to constitute an anatomical fit of the plate are 313 
not necessarily transferable to other plates. The criteria for a good fit will depend on the 314 
particular anatomy of bone and soft tissues as well as clinical requirements. However, they 315 
Fit Assessment of Anatomic Plates for the Distal Medial Tibia 
 14 
might be still useful as a guide in defining what constitutes an anatomical fit of other 316 
plates.  317 
The biggest advantage of the method in this study over that by Goyal et al.4 for 318 
quantifying plate fit is that the presented method is entirely performed in the virtual 319 
environment and does not require any physical fitting of plates to bones. This makes the 320 
presented method of plate quantification suitable to be employed in conjunction with 321 
morphological data of bones which have been acquired non-invasively through either CT 322 
or MR imaging. Furthermore, this method could potentially be employed for the 323 
quantification of plate fit prior to surgery and would also enable the surgeon to simulate 324 
the optimal position of the plate relative to the fragments of the fractured bone.13 325 
The investigators like to point out that due to the small and relatively old data set 326 
used in this study the obtained results are not necessarily representative of the fit of the 327 
plate for the Japanese population as a whole. In order to establish this a larger and more 328 
age diverse data set will be required. 329 
In conclusion, the development of a non-invasive method for plate fit quantification 330 
is a first step towards optimizing the fit of plates for a given population which will 331 
ultimately benefit the patient.  332 
The investigators have defined an anatomic plate fit as one that satisfies four 333 
criteria which were defined in an effort to satisfy clinical requirements while leaving 334 
sufficient spatial freedom to accommodate for morphological differences of bones in the 335 
population of interest. Furthermore, as the criteria are independent of the shape of the 336 
plate’s edge contour they will enable the comparison of results from the fitting of plates 337 
from different manufacturers.  338 
Based on the four criteria a plate fit was achieved for four (19%) of the tibia models 339 
used. The obtained results demonstrate that the fit of the plate for the shaft and the most 340 
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distal region could be optimized for the dataset used. A project is currently conducted by 341 
the authors investigating this. 342 
This study concentrated on establishing the method and testing it on a small dataset. 343 
In order to derive a result of plate fit that is statistically significant for the Japanese, or any 344 
other, population a larger and more age diverse dataset will be required. 345 
 346 
 347 
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List of figure legends 378 
 379 
FIGURE 1.  Extraction of the undersurface from the plate. 380 
 381 
FIGURE 2.  Correct surgical alignment of plate undersurface, with three areas between 382 
plate and bone of ≤ 0.5 mm (red arrows). The plate is represented by the color coded map 383 
of the deviations between plate and bone. 384 
 385 
FIGURE 3.  Area of fit for proximal end of plate (red region). 386 
 387 
FIGURE 4.  Position of transverse plane (red dashed line) to measure proximal angle 388 
between plate and bone. 389 
 390 
FIGURE 5.  Five points distal fit (red arrows). Green indicates the area where the plate to 391 
bone distance is ≤ 2 mm. 392 
 393 
 394 
List of table legends 395 
 396 
TABLE 1.  Values for fit of distal medial tibia plate. 397 
 398 
 399 
 400 
 401 
 402 
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 403 
Table 1. Values for fit of distal medial tibia plate 404 
 405 
B
on
e 
no
. 
Pr
ox
 e
nd
:  
≤ 
4m
m
 
(w
ith
in
 2
0m
m
 fr
om
 
pr
ox
 ti
p)
 
Pr
ox
 a
ng
le
:  
≤ 
10
° 
(8
0m
m
 fr
om
 p
ro
x 
tip
) 
M
id
dl
e 
di
st
:  
≤ 
6m
m
 
(m
ax
 d
is
t m
id
dl
e 
3r
d  
of
 p
la
te
) 
D
is
t e
nd
:  
5 
pt
s ≤
 
2m
m
 
Pe
rc
en
ta
ge
 o
f p
la
te
 
su
rf
ac
e 
≤ 
2m
m
 fr
om
 
bo
ne
 
M
ax
 p
la
te
 to
 b
on
e 
di
st
an
ce
 (m
m
) 
1 4.6 11.7 6.5 5 53 6.5 
2 5.4 17.0 5.8 2 34 6.6 
3 3.3 12.5 5.6 5 45 5.6 
4 3.7 16.5 5.9 5 43 5.9 
5 2.7 13.5 5.1 3 51 5.1 
6 2.5 7.0 5.9 5 55 5.9 
7 5.3 9.1 5.3 5 29 5.3 
8 3.4 9.8 5.5 5 60 5.5 
9 2.7 9.8 6.9 3 19 6.9 
10 3.6 10.3 4.7 2 45 6.7 
11 3.1 14.7 6.3 5 41 6.3 
12 6.2 18.1 6.5 5 38 6.5 
13 5.5 14.5 8.3 4 23 8.3 
14 4.7 20.7 8.4 5 28 8.4 
15 2.2 6.3 5.8 5 45 5.8 
16 3.4 8.7 6.8 5 31 6.8 
17 3.0 7.9 6.1 2 39 6.1 
18 6.0 19.7 5.5 2 35 6.0 
19 3.0 5.6 5.4 2 60 5.4 
20 5.4 17.0 6.0 2 30 6.0 
21 2.5 5.2 5.8 5 32 5.8 
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  410 
 411 
Figure 1. Extraction of the undersurface from the plate. 412 
 413 
 414 
 415 
 416 
Figure 2. Correct surgical alignment of plate undersurface with three areas between plate and bone of ≤ 0.5 417 
mm (red arrows). The plate is represented by the colour coded map of the deviations between plate and bone. 418 
 419 
 420 
 421 
 422 
 423 
 424 
Figure 3. Area of fit for proximal end of plate (red region). 425 
 426 
 427 
 428 
 429 
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 435 
 436 
Figure 4. Position of transverse plane (red dashed line) to measure proximal angle between plate and bone.  437 
 438 
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 446 
 447 
Figure 5. Five points distal fit (red arrows).  448 
 449 
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